Comprehensive gene expression analysis using DNA microarrays has become a widespread technique in molecular biological research. In the biomaterials field, it is used to evaluate the biocompatibility or cellular toxicity of metals, polymers and ceramics. Studies in this field have extracted differentially expressed genes in the context of differences in cellular responses among multiple materials. Based on these genes, the effects of materials on cells at the molecular level have been examined. Expression data ranging from several to tens of thousands of genes can be obtained from DNA microarrays. For this reason, several tens or hundreds of differentially expressed genes are often present in different materials. In this review, we outline the principles of DNA microarrays, and provide an introduction to methods of extracting information which is useful for evaluating and designing biomaterials from comprehensive gene expression data.
Introduction
DNA microarrays are tools for analyzing the expression of genes ranging in number from several to tens of thousands at a time. In recent years, DNA microarrays for comprehensive gene analysis of various animal and plant species, including humans, have been commercially available, and have become a widespread technology in genomics research. Comprehensive gene expression analysis with DNA microarrays has also been used in the field of biomaterials, where the main purpose is to evaluate the effects that materials have on cells at the molecular level. In addition, methods have been reported that use comprehensive gene expression analysis to extract material properties that affect cells; their results can provide valuable feedback for designing novel biomaterials.
In many cases, evaluation of biomaterials is performed in vivo after an initial in vitro evaluation. DNA microarrays are frequently used for the evaluation of biomaterials in vitro. Previous reports on biomaterials, which used DNA microarrays in vitro, can be divided in two groups. The first one evaluates the direct effects of biomaterials on cells. Many of these studies consist of comprehensive gene expression analyses of cells cultured on different materials. The effects that each material has on cells are then inferred by identifying genes expressed differentially in the presence of each material. The second group of reports evaluates the indirect effects of biomaterials on cells. In many of these studies, comprehensive gene analyses are performed to elucidate the effects that substances (in many cases metal ions) that leech out from biomaterials (many of which are metal materials) have on cells or tissues at the molecular level. Additionally, for nano-substances, which gained popularity in recent years, comprehensive gene expression analysis with DNA microarrays probes the direct or indirect effects that these substances have on organisms [1] [2] [3] [4] [5] [6] [7] [8] . Few studies, however, have used DNA microarrays to evaluate biomaterials in vivo. Generally, comprehensive gene expression analysis is useful only when a single type of cell is being studied. In cases where comprehensive gene expression analysis is performed on tissues comprising 2 or more cell types, the resulting gene expression information is complex, and accurate analysis at the molecular level is difficult. When using DNA microarrays to analyze the effects of biomaterials transplanted into animals, manipulations are necessary for isolating homogeneous cell populations from the tissue receiving the transplant.
Until now, evaluations of the effects of biomaterials on cells at the molecular level have been performed primarily by quantifying the levels of gene expression or protein for several marker molecules. Because the amount of information obtainable by DNA microarrays increases largely, it is crucial to know how to extract and process the necessary information. In this review, we outline methods for comprehensive gene expression analysis using DNA microarrays and introduce their use for evaluating biomaterials. In addition, we discuss analytical methods for obtaining information which is useful for designing biomaterials. Figure 1 shows the flow of gene expression analysis using DNA microarrays. In general, mRNA is extracted from cells or tissues, and complementary DNA (cDNA) labeled with a fluorescent dye is synthesized by reverse transcription. This cDNA is hybridized with the DNA on microarrays, and the intensity of the fluorescent dye is measured using a confocal laser scanner. We describe each of the processes below.
Principles of comprehensive gene expression analysis using DNA microarrays

Types of DNA microarrays
Generally, microarrays possess between several and tens of thousands bits of DNA, which are arrayed in high densities on a glass or other solid substrate. The term 'probe' is used to refer to the DNA immobilized on a solid substrate, and 'target' corresponds to the DNA synthesized from the sample of interest. DNA microarrays can be divided into cDNA microarrays and oligo-DNA microarrays depending on the form of the DNA immobilized on the solid substrate. A cDNA microarray uses double-stranded DNA-obtained by synthesizing cDNA from mRNA and amplifying it with PCR-which is spotted onto a solid substrate at high density. An oligo-DNA microarray utilizes an oligonucleotide which has been synthesized on the solid substrate by photolithography [9] . Since it is possible to immobilize full-length cDNAs as probes on microarrays, they have superior specificity for the target DNA [10] . However, cross-hybridization is a problem which occurs between genes sharing a high degree of sequence homology such as those belonging to gene families. Oligo-DNA microarrays are loaded with oligonucleotide probes, ranging in length between 25 and 70 nucleotides [11] [12] [13] . Specific sequences, which are non-overlapping or minimally overlapping, can be synthesized to increase the hybridization sensitivity, since oligo-DNA arrays are designed based on sequence information. Among commercially available oligo-DNA microarrays, those produced by Affymetrix Inc. are known as Gene chips or DNA chips. Affymetrix's GeneChip R 3 Expression Array is loaded with multiple probes designed from the 3 terminal sequence of a single gene on its solid substrate. Analytical errors due to cross-hybridization are reduced by measuring multiple probes against the same gene. It is difficult to determine which type of microarrays is more sensitive because there are few data on direct comparison Sci. Technol. Adv. Mater. 11 (2010) 013001
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Membrane arrays have also been developed, in which DNA is immobilized on nylon membranes [14] [15] [16] . Compared with DNA microarrays which utilize solid (glass) substrates, membrane arrays have a larger array area and are sometimes called macroarrays. While membrane arrays have the advantage that they can be repeatedly stripped and reprobed, the maximum number of probe DNA types that can be loaded on an array is approximately 1500, and hence its degree of integration is low.
Labeling of target DNA (aRNA or cRNA)
In gene expression analysis using DNA microarrays, a target DNA labeled with fluorescent dye is hybridized with probe DNA on the DNA microarray, and the fluorescence intensity at each spot is measured with a confocal laser scanner.
When synthesizing cDNA from the mRNA extracted from cells or tissues via a reverse transcription reaction, it is possible to produce fluorescent labels by adding either dUTP (Cy3-dUTP or Cy5-dUTP) or dCTP (Cy3-dCTP or Cy5-dCTP), labeled with Cy3 or Cy5, to the synthesis reaction. Cy3 and Cy5 are water-soluble fluorescent dyes of the cyanine dye family. The emission peak appears around 570 and 670 nm in Cy3 and Cy5, respectively. During reverse transcription from mRNA, rather than incorporation of Cy3 or Cy5 directly into the target DNA, the target DNA can be labeled by synthesizing cDNA which has incorporated amino-allyl-dUTP (aa-dUTP) and coupling it to Cy3 or Cy5 monofunctional dye. Target DNA that has been labeled by this method exhibits stronger fluorescence than DNA which incorporates Cy3 or Cy5 directly [17] . In addition, rather than direct incorporation of fluorescent dye into the target, it is also possible to label the DNA by synthesizing cDNA in the presence of biotinylated UTP or CTP and subsequently binding streptavidin-phycoerythrin to biotin [18] .
While the quantity of RNA needed for reverse transcription depends on the size and type of the DNA microarray, the quantity of total RNA should be 15-200 µg (mRNA comprises 1-2% of total RNA). When a sufficient quantity of RNA cannot be obtained from cells or tissues, the RNA can be amplified by in vitro transcription (IVT) [19] . IVT uses T7 RNA polymerase to amplify RNA levels, with the dual-strand cDNA synthesized by an RNA oligo(dT)24-T7 primer (including the T7 promoter sequence) as a template. If amplification is performed twice, mRNA can be amplified around 10 6 times [20] . The amplified RNA is called antisense RNA (aRNA) or complementary RNA (cRNA). When RNA amplification is performed in the presence of Cy3 (or Cy5)-dUTP (or dCTP), it is possible to obtain a fluorescence-labeled target aRNA (or target cRNA). In addition, it is possible to label aRNA (cRNA) with phycoerythrin, with the incorporation of biotinylated UTP or CTP [18] .
For membrane arrays, the target DNA is labeled with a radioisotope ( 32 P) rather than a fluorescence marker; this increases the sensitivity 100-1000 times. Radioisotopes cannot be used in DNA microarrays because signals interfere among probe DNAs if the degree of integration of probe DNAs is high.
Signal detection using hybridization
Labeled target DNAs (aRNA or cRNA) are hybridized with probe DNAs on the DNA microarray. Hybridization is performed either with a two-color method, in which two types of target DNA (aRNA or cRNA) labeled with Cy3 and Cy5 are competitively reacted, or with a one-color method, in which only one type of target DNA (aRNA or cRNA) is reacted ( figure 1 ). In the two-color method, a comparison of gene expression between two samples can be analyzed with a single microarray plate. The two-color method is a competitive reaction, so the data obtained are ratios of gene expression levels between the two samples. In the one-color method, the data represent the absolute gene expression levels, and it is necessary to use two microarray plates when comparing gene expression between 2 samples. Differences in experimental conditions between the two microarray plates are therefore a likely source of error.
With the two-color method, the spot fluorescence intensities are analyzed for each sample with a confocal laser scanner. The obtained data include the mean and standard deviation of the signal and background fluorescence intensities. The signal fluorescence is obtained by subtracting the background.
It is often the case that when comparing two samples, the actual quantities of target DNA (aRNA or cRNA) are different, despite attempts to equalize them. In addition, in the two-color method, each of the fluorescent dyes (Cy3 and Cy5) has different color-forming and color-fading characteristics. Because these factors emerge as sources of error in the data, it is necessary to revise the obtained numbers. There are two correction methods [21] : global normalization and internal normalization. Global normalization assumes that the sum of the expressed quantities of all genes is the same for any sample. In other words, corrections are performed by assuming that the total fluorescence intensities of Cy3 and Cy5 are equal for all spots on the DNA microarrays [22, 23] . This correction method is effective when the difference in the conditions between the two samples is relatively small, or when analyzing a multitude of genes (tens of thousands). Internal normalization is based on the assumption that the expression levels of specific genes such as housekeeping genes (control genes) do not change between samples [24] [25] [26] . In other words, the fluorescence intensity of all spots is corrected so that Cy3 and Cy5 signals are the same for the control genes on the DNA microarray. This correction is effective when the difference in the conditions between the samples is large or when the kinds of genes (spot numbers) on the DNA microarray are few (several hundred to several thousand).
The fluorescence intensity of the two obtained samples is expressed as a ratio Cy3/Cy5 or Cy5/Cy3. After taking base 2 logarithm, this ratio becomes either positive or negative.
When using Cy3/Cy5 for example, if Cy3 > Cy5 then log 2 (Cy3/Cy5) is positive; if Cy3 < Cy5 then log 2 (Cy3/Cy5) is negative; and if Cy3 = Cy5 then log 2 (Cy3/Cy5) = 0. There is no clear standard on how much the ratios of gene expression must differ between two samples for that difference to be considered real, and the judgment is left to the researcher. It is possible to calculate a statistically significant difference if the experiment is repeated many times, however, if not, it is common to set a cut-off value. In many studies, expression level changes in genes for which the ratio of expression changes more than two to three times are regarded as significant.
Application of DNA microarray analysis to biomaterials evaluation
Evaluation of biomaterials can be carried out in vitro and in vivo. In vitro evaluation is commonly performed as a precursor to in vivo evaluation, and involves evaluations on cell adhesion to biomaterials, cell proliferation, and expression of cell function. Cell adhesion is the first event that occurs during contact between a cell and a substrate. With few exceptions, should cell adhesion not occur, subsequent cell proliferation or expression of cell function also does not take place. Thus, cell adhesion is the minimal condition required for a material to be considered useful. Cell proliferation is affected by the effects of the micro-environment of the material on the cells. If the material is toxic then cell proliferation is blocked. Biomaterials are evaluated by their ability to induce a desired function in a target tissue. Cell adhesion is generally evaluated by microscopic observation. Measures of cell proliferation can be obtained by counting cell numbers, quantifying DNA levels, and with other tests. In addition, the ratio of living cells/dead cells can also be calculated. Cell function is often evaluated by either quantifying marker genes or proteins or by histochemical methods. The evaluation of biomaterials in vivo is conducted primarily using histochemical methods. Comprehensive gene analysis is conducted with DNA microarrays in order to understand cell adhesion, cell proliferation, expression of cell function in vitro, as well as the processes that occur at the molecular-level in cells and tissues which have invaded a transplanted material and/or the area surrounding it in vivo. However, when comprehensive gene expression analysis is used to evaluate biomaterials, each researcher conducts it their own way; general methods of analysis have yet to be established.
Comparison of gene expression between two types of materials
There are approximately 25 000 genes comprising the human genome. These genes can be divided into those that are essential for cell survival and those that are necessary for maintenance of cell function. It is believed that genes belonging to the former class are commonly expressed in all cell types. In contrast, genes in the latter class are believed to be differentially expressed, both in type and in quantity, depending on the cell type. In other words, the genes are regulated so that they are expressed at the required time, at the required place, and at the required level. When comprehensive gene analysis is performed on osteoblasts using DNA microarrays, and genes are sorted according to expression level from high to low (from large to small fluorescence intensities), expression level decreases exponentially (figure 2). Only a handful of genes are expressed in large quantities (around several hundred), while expression levels for nearly all other genes is low. Typically, genes with high expression levels represent those that are essential for cell survival, such as housekeeping genes. The expression level of these genes is unlikely to fluctuate substantially even if cellular conditions change. On the other hand, many genes with low expression levels are necessary for proper cell function, and their expression levels have the potential to fluctuate when conditions are altered. This sort of characteristic gene expression is not particular to osteoblasts, but is likely common in all cell types. In other words, when gene expression between two materials is compared, it is often the case that many of the genes for which expression levels fluctuate are those for which expression levels are low to begin with (Hanagata et al unpublished data). What is the degree of gene expression level fluctuation when a single type of cell is exposed to two different materials? It is easy to imagine that the expression levels of many genes fluctuates when the properties of the materials differs greatly, whereas the number of genes would decrease as the difference in material properties becomes small. We cultured osteoblast-like cells on hydroxyapatite (HA) with a calcium-to-phosphate ratio of 1.67 (Ca/P = 1.67), and on tricalcium phosphate (TCP) with a Ca/P of 1.50, and analyzed gene expression using DNA microarrays. The results are presented in figure 3 , where each gene's fluorescence intensity in TCP is plotted on the vertical axis and the fluorescence intensity in HA is shown on the horizontal axis. Among 21 026 analyzed genes, 717 (or 3.4%) increased expression more than twice. Therefore, 96.6% of the genes did not fluctuate in expression as the material changed. In addition, as mentioned previously, many of the genes for which expression levels differed more than twice were those already expressed at low levels.
In comparing osteoblasts cultured on HA and TCP, while only 3.4% of all expressed genes change their expression more than twice, this still constitutes a considerable number of 717 individual genes. For comprehensive gene analysis, the key is how to extract useful information from many genes which differ in their level of expression. Methods to extract useful information from gene groups that are differentially expressed between two types of substrate materials can be classified into the following three types:
(i) Genes of interest are selected from the gene groups differing in expression level. Then, based on the functions of the genes, differences in cell function are predicted depending on the material [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . (ii) The investigator groups differentially expressed genes on the basis of such criteria as gene function, and from these gene groups infers differences in cell function depending on the material [37] [38] [39] [40] [41] [42] . (iii) Differences in cell function, depending on the material, are predicted from differentially expressed gene groups using such bioinformatics techniques as Gene Ontology (GO), and from the functions of these gene groups [43] [44] [45] [46] [47] [48] .
We outline each of these methods below using practical examples.
Methods to extract differentially expressed genes of interest.
Bioactive glass is known to induce bone tissue formation in vitro as well as in vivo. Xynos et al [27, 28] found that when Bioglass 45S5 particulates 300-700 µm in diameter were added at a concentration of 1% to Dulbecco's modified Eagle's medium (DMEM) and incubated for 24 h, the Si concentration increased by a factor of 86-87. From this, they inferred that solubilized Si accelerated bone formation from osteoblasts. They then performed an analysis of 1176 osteoblast genes using a nylon membrane array (ATLAS cDNA Microarray Platform) on the effects of solubilized Si on gene expression. They found 60 genes that were upregulated twice or more in osteoblasts cultured for 48 h in DMEM containing Si solubilized from Bioglass. In contrast, only 5 genes were downregulated by 50% or more. Included among the 60 upregulated genes were insulin-like growth factor II (IGF-II), insulin-like growth factor binding protein-3 (IGFBP-3) which is an IGF-II carrier protein, and the proteases metalloproteinase-2 (MMP-2) and cathepsin-D. They therefore postulated that the Si solubilized from Bioglass had activated IGF-II as a result of metalloproteinase-2 (MMP-2) and cathepsin-D cleavage of IGF-II from the carrier protein IGFBP-3, and that this in turn had facilitated osteoblast proliferation and bone formation.
ZrO 2 is a bioinert and non-resorbable metal oxide which is used in dental implants or femoral heads in total replacements. When the surface of a ZrO 2 disc is coated with a colloidal suspension of ZrO 2 , bone formation by osteoblasts is accelerated. The surface of an uncoated ZrO 2 disc is irregular and contains small, randomly distributed crystals. However, the surface of a coated ZrO 2 disc is cracked with large crystals nearly evenly distributed. Sollazzo et al [29] cultured osteoblast-like MG63 cells on a ZrO 2 disc or on a colloidal suspension-coated ZrO 2 disc for 24 h, and then analyzed 20 000 genes using a microarray. Eighty-one genes on the coated ZrO 2 disc were significantly upregulated, while 42 had significantly decreased expression. Among the upregulated genes were early growth response 2 (ERG2), involved in bone remodeling, the transcription factor DLX2, whose expression is spatially and temporally regulated in craniofacial primordial, a leptin receptor (LEPR), involved in osteoblast differentiation and bone formation, and FC-alpha receptor or CD79B, involved in the immune system. Among the downregulated genes were the transcription factor interleukin enhancer binding factor 2 (ILF2) or the F11 receptor (F11R), which controls cell adhesion. It was surmised that in the coated ZrO 2 disc, fluctuations in the expression of these genes contributed to osteoblast activation.
The roughness of a material's surface reportedly affects the physiological interactions between bone and the transplanted material. The interaction between a rough surface and osteoblasts is not clear; some reports have shown that
Topical Review rough surfaces stimulate the differentiation of osteoblasts, while other reports suggest this is not the case. Leven et al [30] cultured stromal cells prepared from rat bone marrow for 24 and 48 h on Ti6Al4 V discs with a roughness (Ra) of 0.14 µm (Ra(0.14)) and 5.8 µm (Ra(5.8)), and analyzed 1633 genes using a membrane microarray (Research Genetics GF300 nylon microarray). Comparing Ra(5.8) to Ra(0.14) at 24 h, expression levels of 268 genes were at least twice higher, while expression of 17 genes was at least twice lower. Comparing Ra(5.8) to Ra(0.14) at 48 h showed that expression levels of 153 genes were at least twice higher, while expression of 21 genes was at least twice lower. Among the genes which were differentially expressed, the authors extracted bone-related genes, cartilage-related genes, collagens, integrins and integrin ligand genes, BMPs, BMP receptors and the Smad transcription factor, and phospholipases and kinases, and then compared expression changes over time. They, consequently, concluded that the surface roughness of Ti6Al4 V alloy has a large effect during the early stages of culturing, and that the rougher the surface, the greater the number of upregulated genes.
Schwann cells perform an important role in regenerating nerves. When these cells are cultured in nano-fiber scaffolds, they extend in the direction of the fibers. Chew et al [31] cultured human Schwann cells for 7 days on a poly (ε-caprolactone) (PCL) films-an aligned PCL produced by electrospinning, and randomly oriented PCL-and analyzed the expression of 101 genes using a microarray. When gene expression levels for aligned PCL and that for randomly oriented PCL were comparable, 86-87% of the genes did not differ in expression, while expression levels for approximately 12% of the genes decreased in aligned PCL and randomly oriented PCL. Few upregulated genes, interleukin 10 (IL-10) and leukemia inhibitory factor (LIF), were upregulated in aligned PCL, and STAT4 was upregulated in randomly oriented PCL. This particular microarray is used as a tool for goal-directed gene analysis and is loaded only with neurotrophin and receptor genes, therefore it can analyze only a limited number of genes. When myelin-specific genes and immature Schwann cell marker genes were examined with real-time quantitative PCR, the expression level for myelin-associated glycoprotein (MAG) increased in both aligned and randomly oriented PCLs. However, the expression level for myelin protein zero (P0)-expressed in the late stages of myelin differentiation aligned-increased only in aligned PCL. In addition, the expression levels of neural cell adhesion molecule 1 (NCAM-1), an immature Schwann cell marker, decreased in both aligned and randomly oriented PCLs. These results suggest that the upregulation of P0 accelerated Schwann cell maturation in aligned PCLs. DNA microarrays for goal-directed gene analysis have also been reported by Chen et al [32] , who investigated the effects of a chitosan scaffold co-conjugated with chondroitin-6-sulfate/dermatan sulfate (CSC/DS) on cartilage cells using an array loaded with only 113 genes involved in signal transduction. It was revealed that CSC/DS activates the TGF-β and hedgehog pathways and thereby facilitates the differentiation of cartilage cells.
Methods to extract the genes of interest can provide gene-level explanations regarding differences in cell function that are due to the influence of materials. However, because the selection of genes is subjective, interpretation tends to be biased.
Method in which researchers differentially expressed
genes based on own criteria. In this method, it is possible to capture overall trends by creating gene groups that differ in expression level. The criteria for grouping the genes identified by microarrays differ depending on the investigator. Carinci et al examined the effects of a titanium alloy [37] , ZrO 2 [38] and calcium sulfate [39] on human osteoblast-like MG63 cells using microarrays. While titanium or titanium alloys are used as implant materials in plastic surgery and dentistry, the effects of these materials on osteoblasts are unknown. Gene expression analysis was therefore performed on MG63 cells cultured for 24 h on a Ti6Al4 V disc or Falcon well using a DNA microarray [37] . The number of genes significantly upregulated or downregulated in the titanium alloy relative to that in the Falcon well were 40 and 23, respectively. The functions of these genes varied widely, including roles in apoptosis, vesicular transport, and structural function. It was suggested that the biocompatibility of the titanium alloy was due to these gene functions. No appreciable difference in gene expression was seen in MG63 cells cultured in a medium with titanium alloy dust particles compared to cells cultured on a Ti6Al4 V disc. Therefore, is likely that the form of the titanium alloy does not affect MG63 cells in a material way. When gene expression levels in MG63 cells cultured on a ZrO 2 disc and in a Falcon well were compared, expression levels in the ZrO 2 disc were high in gene groups involved in cell cycle control, immunity, and extracellular regulation; while expression was low in gene groups involved in vesicular transport, the cytoskeleton, cell cycle regulation and immunity [38] . The variable expression of genes involved in immunity may relate to inflammatory reactions. In addition, fluctuations in genes associated with vesicular transport have been confirmed in the presence of Ti6Al4 V as well as ZrO 2 . Gene groups possessing vesicular transport functions are considered to play an important role in the production and homeostasis of extracellular substrates associated with bone formation. Calcium sulfate is used for periodontal disease, alveolar bone loss, endodontic lesions, and maxillary sinus augmentation. Calcium sulfate dissolves in body fluids, and Ca ions bind to phosphates to become calcium phosphate, which is then deposited on the bone surface. It is thought that this deposited calcium phosphate can activate osteoblasts, although it is not known how gene expression changes in response. Carinci et al [39] added calcium sulfate to MG63 cells cultured in Falcon wells to a concentration 1 µg ml −1 , and then examined changes in gene expression 24 h later using a microarray. It was found that expression levels for approximately 100 genes increased, and these could be grouped according to such functions as cell-cycle regulation, signal transduction, immunity, and lysosomal enzyme production. Lysosomal enzymes are involved in turnover of the extracellular matrix. These studies suggest that, at least in osteoblasts, Ti6Al4 V, ZrO 2 , or calcium sulfate, affects the reorganization of extracellular substrates.
Klapperich and Bertozzi [41] analyzed gene expression of human fibroblast cell lines cultured in a collagen-glycosaminoglycan (Collagen/GAG) scaffold possessing a mesh structure using a microarray, and compared it to that of cells cultured in a polystyrene dish. When IMR-90 human fetal lung fibroblast cells were cultured in a Collagen/GAG scaffold, by 48 h the mesh structure had contracted due to cells pulling on the Collagen/GAG fibers, while at 96 h the mesh structure was no longer observed. A total of 1018 genes were identified that showed a difference in expression from 1 to 48 h from the start of culturing. These could largely be classified into chemokines/cytokines, angiogenesis-related genes, cell-adhesion genes, and extracellular matrix remodeling genes. Chemokines are involved in inflammation and blood vessel growth. The expression level of the cytokine vascular endothelial growth factor (VEGF) is high in Collagen/GAG. In contrast, expression levels for thrombospondin-1 (THBS1) and thrombospondin-2 (THBS2), which block angiogenesis, were low in Collagen/GAG. These findings suggest that Collagen/GAG with a mesh structure promotes angiogenesis and possesses superior characteristics as a scaffold.
Based on these studies, methods for considering genes by group formation can more likely evaluate the properties of each material from a broader perspective compared to the aforementioned method of selecting specific genes, since they ultimately analyze a much larger number of genes. Nonetheless, it must be said that because the gene group selection is based on the subjectivity of the investigator, the problem of the compatibility of data and conclusions among researchers still remains.
Methods for grouping differentially expressed genes using bioinformatics techniques such as gene ontology.
In methods in which the investigators themselves extract or group genes that show differential expression, the results are more readily influenced by investigators' subjectivity. To avoid this, methods have been developed to classify genes differentially expressed according to their functions using bioinformatics techniques. For functional classification of genes, Gene Ontology (GO) is the most frequently used method [49] . GO classifies gene functions into the three broad categories of 'Biological Process', 'Cellular Function' and 'Molecular function'. Each category has a hierarchical structure, and can further classify gene functions in more detail. In GO, genes are classified into functional categories based on the functional annotation of each gene. The concordance rate (P-value) between each category of GO and the functional annotation of each gene is calculated by Fisher's exact test [50] .
Lü et al [43] investigated the effects of Ni(II) released from NiTi alloys, commonly used in orthodontic and orthopedic implants, on cells using DNA microarrays, and classified differentially expressed genes using Gene Ontology. (24, 48 and 72 h) were 20 and 19, respectively. Of these genes, those included in the GO category of 'Biological process' whose expression level had increased were classified into such functions as cell differentiation, cell death, apoptosis, and cholesterol metabolism. Genes that were downregulated with Ni(II) were classified into such functions as cell proliferation (including cell adhesion), cell cycle, cell differentiation, cellular physiological process and metabolism. From these observations, it can be concluded that Ni(II) affects cell differentiation, and specifically has a negative effect on cell proliferation. It is known that 300 µmol l −1 of Ni(II) decreases cell proliferation by approximately 50% after exposure for 72 h.
Mueller et al [44] analyzed the effects of ferrous ion (Fe(II)), which leeches out of stent materials used in cardiovascular surgery, on smooth muscle cells using a DNA microarray loaded with 22 283 probes, and performed a functional classification of differentially expressed genes using GO. Smooth muscle cells isolated from human umbilical cord vein were cultured in media with or without Fe(II)-gluconate-dihydrate. When gene expressions were compared for each condition, it was found that the number of probes, which had increased or decreased expression 1.5 times or more, was 251 and 306, respectively. When upregulated genes were analyzed using GO, many genes were associated with cell death, synthesis of cell membranes, and cholesterol metabolism. This is likely due to the need to repair cell membranes damaged by the radicals generated from the excess Fe(II) that had leeched out. A GO analysis of downregulated genes revealed many genes involved in the cell cycle and DNA replication, suggesting that Fe(II) decreases cell proliferation (figure 4). It is known that proliferation and DNA synthesis of smooth muscle cells can be blocked in a concentration-dependent manner by Fe(II). In addition, the authors performed pathway analysis using the Gene Map Annotator and Pathway Profiler (GenMAPP) program (Dahlquist et al 2002) and confirmed that many of the upregulated genes were involved in the cholesterol synthesis and lipid metabolism pathways, while many genes that had decreased were involved in the cell cycle ( figure 5 ). Pathway analysis allows to obtain information on intermolecular interactions using such databases as Kyoto Encyclopedia of Genes and Genomes (KEGG).
Kojima et al [45] transplanted Ti materials with a rectangular inner-chamber structure into the femur of rats, and conducted expression analysis of 20 000 genes in tissue that had invaded the chamber using a DNA microarray. KEGG pathway analysis was performed on the obtained expression data, and it was found that many of the differentially expressed genes are involved in ECM-Receptor interactions.
Schweikl et al [46] investigated the effects of triethylene glycol dimethacrylate (TEGDMA), a dental resin material, Sci added to a culture solution of human skin fibroblasts, using a DNA microarray loaded with 22 227 probes. They processed gene expression data using GO and Ingenuity Pathway Analysis (IPA) tools for functional network analysis. It was found that many of the differentially expressed gene groups were involved in cell cycle turnover, cell cycle checkpoint regulation, and cell death.
Shimizu et al [47] performed a functional classification of differentially expressed genes using GO and Medical Subject Headings (MeSH). The latter was chosen for its advantage of producing anatomical and disease information with respect to the gene of interest. TiO 2 nano-particles were subcutaneously injected into pregnant mice, and the effects on the brains of male embryos and healthy new-born mice were examined using a DNA microarray loaded with 16 192 probes. It was found that in the brains of 16 day old embryos, expression of 229 genes increased while that of 233 genes decreased. Two, 7, 14 and 21 days after birth, expression levels for 234, 351, 450 and 613 genes increased, while they decreased for 630, 66, 288 and 1274 genes. When performing functional classification of these genes, both the P-value and the enrichment factor [defined as (n f /n)/(N f /N )] were used as criteria. Here, n f is the number of genes in a random GO or MeSH category for which there is a difference in expression level, n is the total number of genes within that category, N f is the number of genes for which there is a difference in the microarray, and N is the total number of genes loaded on the microarray. In the GO analysis, it was found that many genes were affected in the brains of mice born from TiO 2 -injected pregnant mice, including those involved in brain development and motor activity at post-natal days (PD) 2-14, those involved with apoptosis at PD 2-21, and those involved in oxidative stress at PD 14-21. When functional classification was performed with MeSH, affected genes included those associated with mitochondrial or synaptic function as well as oxidative stress or brain-related disorders from embryos to PD 21, and those associated with apoptosis or neurotransmitters at PD 14-21. In this method as well, the properties of each material can be evaluated in a broader perspective because many genes are eventually used in the evaluation. In addition, since everyone has access to the same database, the compatibility of the conclusions among researchers is naturally higher. It is hoped that the establishment of public databases and informatics tools will further advance in the future. We think that the interpretation of microarray data using this method will become commonplace.
Comparisons of gene expression between multiple types of material
When comparing gene expression between cells cultured on two types of material, it is sufficient to extract genes with high (or low) expression levels from each material. However, comparing gene expression between multiple types of materials is a complex assignment. For example, with 3 materials A, B and C, the combinations of differentially expressed genes includes 6 patterns: genes with high expression levels in A, in B, in C, in A and B, in A and C and in B and C. Thirteen patterns arise when comparing 4 types of materials, and 25 for 5 types. Such gene groupings can be obtained by means of statistical analyses known as clustering. Among several alternatives, hierarchical and K-means clustering algorithms are frequently used in comprehensive gene analyses. In hierarchical clustering, gene expression levels in n types of material are plotted on an n-dimensional coordinate system, and the distances between all plotted genes are calculated with distance matrices. Within this space, nearby genes are grouped and then the range of distances is expanded. By repeating calculations until all genes are included, it is possible to form gene groupings. In K-means clustering, the number of clusters is specified in advance, and each gene is then allocated to a random cluster. The expression level and distance from the center of the cluster is calculated for each gene. From this distance, every gene is re-allocated to the nearest cluster, and the centers of the clusters are recalculated. This procedure is repeated until the cluster centers stop fluctuating. While K-means clustering requires less calculation time than hierarchical clustering, which calculates distances between all genes, it does not yield information on the relation between genes. Hierarchical clustering, on the other hand, requires longer calculation because it evaluates distances among all genes. Therefore, genes that do not show significant changes are often excluded from the calculations in advance. In addition, relations between materials can be clustered based on similarities in the comprehensive gene expression pattern. [51] performed gene expression analysis on osteoblast-like MG63 cells cultured on 6 types of titanium-based surfaces using a nylon membrane array. The prepared surfaces were smooth Ti (S), sandblasted large-grit and acid-etching Ti (SLA), hydroxyapatite thin-coating Ti (HA), hydroxyfluoride coating Ti (HF), titanium nitrate coating Ti (TiN), and diamond-like carbon coating Ti (DLC). Mg63 cells were cultured for 72 h on these surfaces, and 1152 genes were analyzed using a microarray, followed by gene groupings by hierarchical clustering. The expression of bone formation-related genes was found to increase in S and HA, the expression of genes associated with cell adhesion and the cell cycle increased in SLA, and the expression of genes which induce inflammation increased in TiN and DLC. This analysis suggests that these dental implant materials could differentially affect osteoblasts.
Cluster analysis of genes. Kim et al
Cluster analysis of materials based on similarities in
gene expression pattern. As described above, it is possible to group genes using cluster analysis of data obtained from DNA microarrays. Similarly, it is possible to discover relationships among materials by performing cluster analysis based on the similarity of gene expression patterns.
Hanagata et al [52] coated polystyrene dishes (TCPS) and hydroxyapatite discs (HAp) with a Type I collagen of different density and structure. Mouse osteoblast-like MC3T3 cells were cultured for 20 days on these surfaces, and gene expression was analyzed using a DNA microarray. Of the 22 917 genes analyzed, 1061 genes were extracted which showed at least two-fold differential expression between the two surfaces; and gene expression profiles were obtained by performing hierarchical cluster analysis. In addition, surfaces were grouped based on similarities in gene expression pattern, and the dendrogram of figure 6 was obtained. This dendrogram shows that TCPS/AC9 and TCPS/AC90 form a small group and have highly similar gene expression patterns. The difference between these two surfaces is the density of the collagen coating placed on TCPS (9 and 90 after AC and NC represent the densities of the coated collagen, obtained after preabsorption with 9 or 90 µg ml −1 of collagen from acid (AC) or neutral (NC) solution). Since the gene expression patterns are very similar, the density of the coated collagen does not have strong influence on osteoblast gene expression. Similarly, TCPS/NC9 and TCPS/NC90, as well as HAp/NC9 and HAp/NC90, each form small groups, indicating the high similarity of gene expression patterns within each group. The small group of TCPS/AC9 and TCPS/AC90 forms a larger group with the small group of TCPS/NC9 and TCPS/NC90. The difference between the former small group and the latter small group is in the structure of the coated collagen (AC and NC represent collagens with mesh or fiber structures, respectively). In other words, when the structure of the coated collagen differs, the similarity of gene expression pattern decreases slightly. Therefore, it can be concluded that the structure of the coated collagen has a greater influence on osteoblasts than the density of the coated collagen. When the four TCPS surfaces coated with collagens of different density and structure are regarded as a group, HAp, HAp/NC9 and HAp/NC90 can be considered as a separate group. The similarity in gene expression patterns between these two large groups is low. The difference between these two large groups is that the material coated with collagen was either TCPS or HAp. Thus, the material coated by collagen has the greatest influence on osteoblasts.
Clinical application of calcium phosphate ceramics, including hydroxyapatite as an artificial bone-replacement material, is in progress. Zhang et al [53] investigated which factor had a greater effect on osteoblasts: the chemical composition of calcium phosphate ceramics (the ratio of calcium to phosphate) or the ceramic structure. Osteoblast-like MC3T3 cells were cultured for 20 days on dense-smooth HA (Ca/P = 1.67), tricalcium phosphate (TCP, Ca/P = 1.50), and biphasic calcium phosphate (BCP, Ca/P = 1.60), as well as on multi-pore-structured HA, TCP, and BCP; and gene expression analysis was performed using a DNA microarray. In a cluster analysis based on the similarity of gene expression patterns, the calcium phosphate ceramics were divided into two groups. As shown in figure 7 , the first group was comprised of dense-smooth HA, TCP, and BCP, while the other consisted of multi-pore HA, TCP, and BCP. This result implies that in calcium phosphate ceramics, the structure, rather than the ratio of calcium to phosphate, has a greater influence on osteoblasts.
By grouping materials based on the similarity of gene expression patterns, and discovering the characteristics of materials which differ between groups, it is possible to extract useful data for designing of materials that affect cellular functions. While there has been little research on the application of comprehensive gene expression analysis to biomaterials design, the method has been garnering attention as an effective means to provide crucial data needed for the rational design of biomaterials. 
Directions for future research
Many applications of DNA microarrays to biomaterials involve research on the effects that each material has on cells at the molecular level; this research is based on genes or gene groupings which show differential expression between materials exposure. In recent years, it has been shown that by grouping materials based on comprehensive gene expression data obtained with microarrays, it is possible to extract the characteristics of materials that influence cell behavior. By feeding these data back to materials design, it should be possible to assist rational biomaterials design processes.
Most biomaterials evaluations, based on the DNA microarray based comprehensive gene analysis, have been performed using in vitro experiments. However, evaluations obtained with in vitro experiments do not necessarily agree with those generated in vivo. While gene expression analysis is efficient for single cell types, the data lose meaning for tissues which are comprised of non-homogeneous mixtures of cell types. Evaluations in vivo often analyze tissue that has invaded or which surrounds a transplanted biomaterial. Therefore, histochemical analyses are often performed with in vivo evaluations. It is possible to excise specific cell types Sci. Technol. Adv. Mater. 11 (2010) 013001 Topical Review from tissues using laser microdissection, however, excising the large number of cells necessary for a comprehensive gene analysis requires enormous efforts. In the future, it is hoped that the combination of laser dissection with techniques for RNA amplification will improve technologies for molecular-level analysis of the effects of transplanted biomaterials on specific cell types, and hence expand the range of applications for comprehensive gene expression analyses based on DNA microarrays in in vivo evaluations.
In addition to the transcriptional regulation in mRNA, it is shown that post-transcriptional regulation is also involved in the cellular function affected by materials [54] . The post-transcriptional regulation cannot be analyzed using DNA microarray, but several manufacturers produce microRNA microarray. Recent studies using the array indicate that materials affect the expression of microRNA which plays a critical role in post-transcriptional regulation [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . In the future, it is expected that microRNA expression data will also contribute to the evaluation and design of biomaterials.
